ABSTRACT. In the present study, a 3D hybrid method, which couples the finite element region with guided elastic wave modes, is formulated to investigate the scattering by a non-axisymmetric crack in a welded steel pipe. The algorithm is implemented on a parallel computing platform. Implementation is facilitated by the dynamic memory allocation capabilities of Fortran 90 T and the parallel processing directives of OpenMp™. The algorithm is validated against available numerical results. The agreement with a previous 2D hybrid model is excellent. Novel results are presented for the scattering of the first longitudinal mode from different non-axisymmetric cracks. The trend of the new results is consistent with the previous findings for the axisymmetric case. The developed model has potential application in ultrasonic nondestructive evaluation of welded steel pipes.
INTRODUCTION
Welded steel pipes are used widely in engineering applications. The pipes may fail due to severe loading and/or environmental conditions, so that there is an imperative need to nondestructively inspect their structural integrity. The use of ultrasonic guided elastic waves has proved promising in this endeavor [1] . The scattered field of an incident wave by an irregularity, e.g. a crack, carries substantial information about the irregularity. This information might be inferred by comparing test results with theoretical predictions. There are few theoretical studies on the scattering of guided elastic waves from irregularities in welded steel pipes. Zhuang et al. [2] investigated the scattering of guided elastic waves from axisymmetric cracks in an infinitely long, welded steel pipe by using the hybrid method. The hybrid method is a technique that combines a finite element idealization of a bounded region containing irregularities and a wave function expansion in the exterior region. Continuity conditions of displacements and interactive forces are applied at discrete points on the common boundaries between the two regions. This results in a system of linear equations in the unknown wave function amplitudes. These amplitudes are used to obtain the reflection and transmission coefficients. Since welding defects are usually localized in the vicinity of the weld, the hybrid method is ideal for investigating elastic wave scattering in welded pipes. Zhuang et al.'s 2D hybrid model proved very efficient in handling 2D geometric and material irregularities [2] . However, the most general and most practical case of elastic wave scattering by a non-axisymmetric crack was not addressed. This generalization will be the subject of this paper. First, a modified algorithm of the hybrid method is formulated in 3D that compromises the Cylinder's Axis conflicting requirements of computational efficiency and numerical accuracy. Next, the algorithm is implemented and validated. Then, new results are presented for the scattering by a non-axisymmetric crack.
FORMULATION
A lateral section of a cylinder having a mathematical crack (i.e. no width) is represented in Figure 1 . However, for the sake of illustration, a hypothetical thickness is shown. The nodal points in the finite element mesh are grouped in vertical planes. The planes are ordered as shown in Figure 2 . When an incident wave mode (/?,#), corresponding to a wavenumber p in the 0-direction and a wavenumber ^p q in the zdirection, strikes the crack, a scattered wave field is generated. The displacement vector of the scattered field on the boundaries B + and B~ can be written in the matrix form:
Moreover, a "+" superscript refers to B + , a "-" superscript refers to B , and a "S" superscript refers to the scattered wave field. The quantities on the right side of equation (1) . (2) where (4) M is the number of circumferential wavenumbers; W m (m-0,1,2, ... A/) is the number of axial modes corresponding to a particular m ; a wn is the unknown amplitude of the (m 9 ri) scattered mode; and
The u r imn , uf mn , and w^ are the displacement components in the r, 0 and z directions, respectively, at the /th nodal point. They correspond to the (m,ri)th mode in the undamaged cylinder [3, 4] . The normalizing factor, g mn , is given by:
= own (6) where N B is the number of nodal points on each boundary, B + and B'. Similarly, the force vectors at the boundaries B + and B' due to the scattered field can be written as:
Pf=F^*
where j7*_|j>± D± p± p± i>± i>± o± o± o± ra± The bounded region that contains the irregularity is idealized by finite elements. 20-node brick elements are used throughout the entire finite element mesh. A conventional assembly over the finite elements gives the total energy of the bounded region, E R , as [5, 6] :
where a "T" superscript denotes a transpose and Minimizing the total energy given by equation (11) results in the following equation of motion for the interior region [5, 6] :
S implies a first variation and a bar denotes the complex conjugate.
The general solution is obtained by applying the displacement and force continuity conditions at the common boundaries B + and B~ between the bounded and unbounded regions, as follows: 
[G T (S; B G-F)]A=G T (P B -S; B U' B )
where S^B is detailed in [4] , and m -p and n -q.
The elastodynamic reciprocity relations and the principal of energy conservation are used to check the accuracy of the numerical computations [7] .
IMPLEMENTATION
The dynamic memory allocation capabilities of Fortran 90 [8] facilitated the numerical implementation of the new condensation procedure. The directives of OpenMP [9] were employed to implement the code on a parallel computing platform. Four threads, each with a 700 MHz clock speed and a \GB hard drive, save about 67% of the CPU time compared with the use of only one thread.
In the following numerical results, a non-dimensional frequency, Q, and a nondimensional wavenumber, 7 are defined respectively as:
H is the cylinder's thickness. // andp are the shear modulus and mass density of the pipe material. The crack's geometry is described by two parameters: the non-dimensional crack depth, Z), and the non-dimensional crack length L. They are given by
where d is the crack depth and # c (rads) is the crack angle. Furthermore, the nondimensional width of the bounded region, W 9 and the non-dimensional breadth of the weld, B, are defined as:
where w is the width of the bounded region, i.e. w = z + -z~ , and b is the weld's (constant) thickness. The notation | R Utnm \ refers to the reflection coefficient for the ( m, n ) mode from an incident ( &, / ) mode. Similarly, \T klmn \ is the corresponding transmission coefficient. To illustrate the validity of the algorithm, the following example is presented for which previously and independently obtained results exist.
Example 1
Two steel pipes are welded edgewise by a vertical weldment, with a surfacebreaking crack on one of the weldment's interfaces. The non-dimensional width, W 9 of the bounded region is 0.1875 for a non-dimensional thickness of the weldment of 0.09375. The thickness-to-mean radius ratio, H I R, and the total thickness, H , of the steel pipes are 0.1 and 5.08mm, respectively. The cylinder's material has a modulus of elasticity, E , and Poisson ratio, v, of 211. Figure 3 shows that the results from the 2D [2] and 3D hybrid models are identical. This example also shows the sensitivity of the reflection coefficient, 
Example 2
The geometric and material properties are identical to those used in Example 1. Results are presented in Figure 4 for a vertical crack having non-dimensional lengths, L, of 0.5 or 0.1 and a constant non-dimensional crack depth, D, of 0.5. The corresponding axisymmetric curve is superimposed on Figure 4 . A comparison of the three curves shows that the reflection coefficient 17? 0101 1 is very sensitive to the variation of the non-dimensional crack length, L.
CONCLUSIONS
In the present study a 3D hybrid method, involving finite elements and a wave function expansion, was extended to analyze the scattering of guided elastic waves by nonaxisymmetric cracks in a welded steel pipe. A modified algorithm of the hybrid method that circumvents the extraordinarily large computer storage and prolonged computational time through a new condensation technique was formulated and implemented successfully. Numerical results were compared with available numerical data. Results from the current model and a previous 2D hybrid model are identical. The trend of the new results is consistent with previous findings for an axisymmetrically cracked pipe.
